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Introduction
Pit lakes are increasingly becoming common fol-
lowing open cut mining. The most problematic
pit lakes are often those that are influenced by ei-
ther moderately or severely by acid and metallif-
erous drainage (AMD) due to biogeochemical
oxidation of sulfidic minerals (McCullough 2008).
AMD affected pit lakes are typically characterised
by high acidity, sulfate and metal concentrations.
Past practices of failing to remediate acidic pit
lakes during mine closure are no longer seen as
sustainable practice by the mining industry and
regulators. Efforts are increasing to remediate pit
lakes with poor water quality to avoid environ-
mental and social liabilities (McCullough and
Lund 2006; Schultze et al. 2009). Internationally,
there is increasing research into viable technolo-
gies for acidic pit lake treatment.
The primary issue with acidic pit lakes is that
there is often a continuous acidity generating
cycle occurring both in and around the lake (Peine
et al. 2000). Therefore, treatment technologies for
acidic pit lakes must deliver either a partially or
fully self-sustainable solution. Bioremediation
processes are based on enhancing naturally-occur-
ring in-lake alkalinity generation capacity which
in turn may lead towards the establishment of a
functioning aquatic ecosystem (McCullough and
Lund 2006; Nixdorf et al. 2010). The major biore-
mediation processes are based on stimulating two
important biological functions that are generally
limited in pit lakes: phytoremediation and sulfate
reduction. Phytoremediation requires amend-
ments of inorganic nutrients to enhance the pit
lake’s algal primary productivity (Lessmann et al..
2003) which can produce alkalinity. Sulfate reduc-
tion by sulfate reducing bacteria (SRB) requires or-
ganic matter amendments to provide appropriate
substrate and create anoxic conditions for alkalin-
ity generation (Wendt-Potthoff et al. 2002; Fyson
et al. 2006). Phytoremediation may be more
suited to moderately AMD affected lakes or when
there is not sufficient iron and sulfate available to
negate the total acidity generated (Davison et al.
1995; Lund et al. 2006; Lund and McCullough
2008). Bacterial sulfate reduction appears to be
more suitable for moderately to highly AMD af-
fected pit lakes (Koschorreck 2008; Nixdorf et al.
2010; McCullough and Lund in press).
SRB have the potential to remediate acidic pit
lakes by reversing the acid generation processes
through sulfate reduction to sulfide in low redox
environments using labile organic carbon as elec-
tron donors (Totsche et al. 2006). Sulfides gener-
ated by SRB activity can also form amorphous FeS
when reduced iron is present, resulting in an ac-
cumulation of Fe and S in and on sediments,
thereby breaking the acidity generating cycles
(Castro and Moore 2000; Nixdorf et al. 2010). Sul-
fides can also form insoluble metals precipitates
such as CuS, PbS and ZnS, thereby removing acid-
ity and metals from the water in a single process.
Since SRB activity is often limited in pit lakes
by low concentrations of labile organic carbon,
bioremediation hence can be stimulated by or-
ganic matter amendments (Blodau 2006; Kumar
et al. 2011). The majority of studies that have tri-
alled SRB based bioremediation for pit lake treat-
ment have been conducted mainly under
laboratory conditions using microcosms and field
studies are rather scarce. Further, field studies
have largely only realised limited success due to a
various issues such as high ferrous iron inputs
from groundwater (Geller et al. 2009), low hy-
draulic lake retention time (Brugam and Stahl
2000) and shallow lake depth making the it un-
able to hold organic material over the large sur-
face area of the lake bed (Davison et al. 1989).
In order to evaluate the efficiency of SRB based
bioremediation for treating acidic pit lakes using
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municipal sewage and green waste a phased study
was undertaken in Australia where initially labo-
ratory microcosm experiments were conducted
followed by a field experiment. The field experi-
ment was based on the results of successful labo-
ratory study (McCullough and Lund in press).
Bioremediation in field was conducted by bulk or-
ganic carbon amendments to an acidic pit lake
along with an untreated control pit lake. The pres-
ent paper highlights the field scale potential of
municipal sewage and green waste for treating a
highly acidic pit lake in tropical North Queens-
land, Australia.
Methods
Study site description
Collinsville coal mine is located approximately
70 km inland from the coast of North Queensland,
Australia. Regional geology mainly comprises of
highly weathered geologies and soils with very
low organic matter content. In the mid 1950s
Collinsville mining switched from underground
to open cut mining. Collinsville has a semi-arid
tropical climate with a rainfall pattern that falls
into a transition between sub-humid and semi-
arid. The monsoonal tropical climate is domi-
nated by moderately low and sporadic summer
rainfall with very high annual evaporation rate
(annual mean of 1,860 mm). The majority of
Collinsville rainfall occurs during the wet season
(December to March) with very sparse rainfall
events during the dry season (June to September).
There are 20 pit lakes in the Collinsville Coal
Project (CCP) area and all have very low pH (ca. pH
2), high concentrations of dissolved solutes (elec-
trical conductivity = 9–19 mS/cm), high ORP
(560–640 mV) and also very high metals/metal-
loid concentrations (McCullough and Lund in
press). Garrick East pit lake was selected for the
bioremediation study due to its proximity to the
Collinsville wastewater treatment plant and green
waste dump (<500m away) and good sampling ac-
cessibility. Garrick East has a maximum depth of
13.8 m, surface area of 5.9 × 10⁴ m² and a volume
of 4.7 × 10⁵ m³.
Organic matter amendments for bioremediation
Garrick East was partitioned into two sections by
an earth wall, a treatment section Garrick East
West (GEW) with a volume of 7 × 10⁴ m³ and a con-
trol, Garrick East East (GEE) with a volume of 4 ×
10⁵ m³. The bioremediation trial followed a Before-
After-Control-Impact (BACI) design where GEW
and GEE were monitored for water physico-chem-
ical changes both before and after organic dosing.
Bioremediation was initiated in GEW in mid-2006
by amending with municipal sewage (wastewater
3,200 t, solid sludge 60 t) and green waste (980 t).
The pit lakes were monitored for physico-chemi-
cal changes by vertical profiling of water columns
every month from April 2005 to March 2008 for
temperature, pH, electrical conductivity, redox po-
tential, and dissolved oxygen at 1 m intervals
using a Hydrolab Quanta multi-parameter probe
(McCullough et al. 2008).
The results of the bioremediation’s potential
remained inconclusive following sudden de-
creases in treatment response following initial
rapid increases in GEW hypolimnion pH (McCul-
lough et al. 2008). The present paper reports on
studies undertaken to better understand the field
potential of SRB bioremediation and factors affect-
ing the process. The pit lakes were monitored for
vertical profile variations for another 18 months
(March 2008 to September 2009), rainfall data
was also collected and acidity contributions from
the treatment lake’s catchment were also esti-
mated. To estimate the amount of acidity present
in the catchment around the treatment lake, rep-
resentative rock and soil samples were collected
for Net Acid Generation (NAG) and Neutralisation
Potential (NP) tests. For this, the collected rock and
soil samples were initially crushed in a ball mill to
fine fractions (<75 μm) and used for acid-base
measurements following the procedure described
by Sobek et al. (1978).
Results and Discussion
In this paper, combined results both from McCul-
lough et al. (2008) and the current study are pre-
sented (April 2005 to September 2009). The yearly
temperature data in the absence of cyclonic rain-
fall events in GEE and GEW indicate that both re-
mained stratified during summer (thermocline at
4 m depth) and in autumn the thermal stratifica-
tion starts to breakdown (Fig. 1a, b), with mixing
occurring during winter. Epilimnion temperature
was usually much higher (≈ 4–7 °C) than the hy-
polimnion during the summer.
The control GEE epilimnion maintained high
ORP between 600–700 mV throughout the mon-
itoring period whereas the hypolimnion ORP was
slightly lower at around 500 mV (Fig. 1c). The treat-
ment GEW’s epilimnion also showed a similar
trend for ORP to that observed in the control lake
albeit with slightly lower values at around 600 mV
(Fig. 1 d). GEW exhibited declines in ORP from 4 m
deep. The hypolimnion of GEW showed very low
ORP (50–100 mV) throughout the study; as has
been consistently recorded in GEW hypolimnion
following the organic materials amendment (Mc-
Cullough et al. 2008). The most likely reason for
ORP reduction in the GEW hypolimnion could be
attributed to organic matter degradation consum-
ing oxygen and reducing oxidants such as NOx
and Fe(III) in the pit lake water and sediment. On
the other hand consistently high ORP recorded in
the control lake highlighted the fact that in the ab-
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sence of organic materials the pit lake would not
support any remediation. Further high ORP indi-
cates the prevalence of favourable conditions for
the acidity generating processes of biogeochemi-
cal iron and sulfide oxidation.
The control’s pH was very low (2.0–2.5)
throughout the water column and remained un-
changed during the study (Fig 1e). The epilimnion
of the treatment lake GEW also showed similar pH
to that recorded in the control lake (Fig 1f). How-
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Figure 1 (a) Temperature profile of GEE with time, (b) Temperature profile of GEW with time, (c) ORP
profile of GEE with time, (d) ORP profile of GEW with time (e) pH profile of GEE with time ( f) pH profile
of GEW with time (g) Monthly rainfall level data for Collinsville during the study period and pit lake
water levels (Secondary axis). The dark vertical line in figures (a–f) indicates amendments of organic
matter and the ovals in figure (g) highlights the intense rainfall events.
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ever, the GEW hypolimnion showed considerably
higher pH (≈ 4.0). High hypolimnetic pH in GEW
could be chiefly due to bacterial sulfate reduction
and this was further substantiated by the strong
sulfidic smell that emanated from hypolimnetic
water samples (McCullough et al. 2008). Amended
organic materials sank down to the lake bottom
and their breakdown appears responsible for the
favourable reducing conditions for SRB activity
(see Fig 1d). Higher pH recorded in the GEW hy-
polimnion than in the epilimnion is in agreement
with literature emphasising that sulfate reduc-
tion-based bioremediation initially starts at the
sediment-water interface and later extends up-
wards in the water column (Fyson et al. 1998;
Frömmichen et al. 2003; Geller et al. 2009). Con-
versely, the main reasons for low pH prevalent in
the treatment epilimnion could be attributed to
the oxygen diffusion from the surface during ther-
mal stratification and, in particular, acidity inputs
from the catchment following rainfall events (Fig.
1g and Table 1).
The degree of success recorded for remediation
of Garrick East pit lake water and sediment in the
laboratory microcosm study with sewage and
green waste (McCullough and Lund in press) could
not be replicated in the field experiment. Under
field conditions bioremediation, appeared to be
strongly affected by acidity inputs following
heavy rainfall events as indicated by the bioreme-
diation slowing down or even reversing previous
pH increases (Fig. 1f). These pH decreases in the
treatment hypolimnion correlated well with rain-
fall recorded for the same period (highlighted
areas in Fig. 1g). The intensity of the two signifi-
cant rainfall events in early 2008 (484 mm) and
2009 (350 mm) are also shown by corresponding
increases in both the pit lakes water levels (Fig. 1g).
Heavy rainfall events seemed to affect bioremedi-
ation in two main ways, degrading lake stratifica-
tion thereby increasing diffusion of oxidants to
the hypolimnion which could lead to the re-oxida-
tion of sulfides and monosulfides generated fol-
lowing bacterial sulfate reduction (Geller et al.
2009). The other main effect of heavy rainfall is
likely mobilisation of the acidity present in waste
rock and pit walls geologies in the pit lake catch-
ment. For instance, out of the eight rock and soil
samples collected around the GEW catchment,
three were found to be Potentially Acid Forming
(PAF) based on the NAGpH (Table 1) (Sobek et al.
1978). Among these three sites with PAF materials,
two were highly acid generating with NAG₄.₅ of
220 and 30 kg/t H₂SO₄, respectively and no neu-
tralisation potential. Samples from other loca-
tions showed moderate neutralisation potential
ranging from 6.5 to 18 kg/t H₂SO₄. These results in-
dicate that there can be significantly high acidity
contributions from the lake catchment during
rainfall events. Acidity inputs from the pit lake
catchment may have significant implications in
determining the net success of SRB-based biore-
mediation. The SRB based bioremediation
processes occurring in the pit lake have to neu-
tralise this ex situ acidity as well as in situ acidity
reducing the overall rate of remediation. For an ef-
fective SRB based bioremediation to occur, the pit
lake needs to be largely permanently stratified i.e.,
meromictic, have adequate labile organic carbon
(Castro and Moore 2000), minimal acidity inputs
from the catchment and minimal oxidants diffu-
sion into the reactive sediment zone (Geller et al.
2009).
The field results indicated that while ORP
proved relatively resilient (≈ 100 mV) to tempo-
rary mixing events, pH reduced immediately fol-
lowing mixing and then recovered slowly. Overall
pH improvements did slowly appear to be extend-
ing throughout the hypolimnion upon the ab-
sence of heavy rainfall events, although the
highest pH achieved did not change significantly.
Along with catchment acidity inputs into the
treatment lake few other important factors may
also have affected the bioremediation in the field.
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Table 1 Acidity contributions from the catchment of treatment (GEW) pit lake. NAG – Net Acid Genera-
tion, NP – Neutralisation Potential.
Sample NAGpH NAG 4.5 
(kg H2SO4/t) 
NAG 7.0 
(kg H2SO4/t) 
NP 
(kg CaCO3/t) 
Sample 1 2.0 220 260 0 
Sample 2 7.4 – – 7 
Sample 3 4.0 0.6 3 4 
Sample 4 7.2 – – 18 
Sample 5 7.0 – – 14 
Sample 6 7.0 – – 15 
Sample 7 3.0 30 60 0 
Sample 8 8.0 – – 18 
 Total 251 323 76 
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For instance, the total amount of organic material
that was added into the treatment pit lake was less
than half of that used in the successful laboratory
study. Furthermore, organic carbon forms (solid
sewage, liquid sewage), organic materials age (e.g.,
old sewage) and organic materials dosing regime
(pulsed dosing compared to dosing all the organic
material at once) also seems to restrict the
amount of labile organic carbon available for SRB
activity (Kumar et al. 2011).
Conclusions
The present study demonstrated that SRB biore-
mediation has significant potential for acidic pit
lake treatment. The bioremediation processes
started well following organic matter amend-
ments but remediation rates were impacted by
heavy rainfall events leading to lake over turn and
acidity inputs. Bioremediation rates increased
again once lake mixing and acidity inputs had
ceased indicating SRB bioremediation’s robust-
ness under field conditions can be very good.
When conditions are favourable for bioremedia-
tion i.e., anoxic environment, adequate labile or-
ganic carbon and an active SRB population,
remediation rates can be very high. Control pit
lake water quality (pH 2.4 and ORP 530 mV) re-
mained largely unchanged indicating that AMD
affected pit lakes will not simply evolve into self-
sustaining ecosystems in the absence of any inter-
vention treatment. Although the bioremediation
process requires careful planning and design to
achieve a lake environment conducive to treat-
ment by SRB, many acidic pit lakes might be able
to be remediated by bacterial sulfate reduction
based bioremediation (Kumar et al. in press).
Acknowledgments
Financial assistance provided by the Australian Coal
Association Research Program (ACARP) through two
research grants (C14052 and C18027) is gratefully ac-
knowledged. Thanks to CCP (Xstrata Coal Queensland
Pty Ltd) for logistical support and lease access.
Thanks to Joel May, Tim Walker, Tim Nash, Kelly
Palmer and Adrian Rathmell from CCP for assisting
with field work.
References
Blodau C (2006) A review of acidity generation and
consumption in acidic coal mine lakes and their
watersheds. Sci Total Environ 369: 307–332
Brugam RB, Stahl JB (2000) The potential of organic
matter additions for neutralizing surface mine
lakes. Trans Illinois State Acad Sci 93: 127–144
Castro JM, Moore JN (2000) Pit lakes: their character-
istics and the potential for their remediation. En-
viron Geol 39: 1254–1260
Davison W, George DG, Edwards NJA (1995) Con-
trolled reversal of lake acidification by treatment
with phosphate fertilizer. Nature 377: 504–507
Davison W, Reynolds CS, Tipping E (1989) Reclama-
tion of acid waters using sewage sludge. Environ
Pollut 57: 251–274
Frömmichen R, Kellner S, Friese K (2003) Sediment
conditioning with organic and/or inorganic car-
bon sources as a first step in alkalinity generation
of acid mine pit lake water (pH 2–3). Environ Sci
Technol 37: 1414–1421
Fyson A, Nixdorf B, Kalin M (2006) The acidic lignite
pit lakes of Germany - microcosm experiments on
acidity removal through controlled eutrophica-
tion. Ecol Eng 28: 288–295
Fyson A, Nixdorf B, Steinberg CEW (1998) Manipula-
tion of the sediment-water interface of extremely
acidic mining lakes with potatoes: laboratory
studies with intact sediment cores. Water Air Soil
Poll 108: 353–363
Geller W, Koschorreck M, Wendt-Potthoff K, Bozau E,
Herzsprung P, Büttner O, Schultze M (2009) A
pilot-scale field experiment for the microbial neu-
tralization of a holomictic acidic pit lake. J
Geochem Exp 100: 153–159
Koschorreck M (2008) Microbial sulphate reduction
at a low pH. FEMS Microbiol Ecol 64: 329–342
Kumar RN, McCullough CD, Lund MA (2011) How does
storage affect the quality and quantity of organic
carbon in sewage for use in the bioremediation of
acidic mine waters? Ecol Eng 37: 1205–1213
Kumar RN, McCullough CD, Lund MA (in press) Biore-
mediation of pit lake water by sulfate reduction.
In, Mining Pit lakes: Closure and Management,
McCullough CD, (ed) Australian Centre for Geome-
chanics, Perth, Australia
Lessmann D, Fyson A, Nixdorf B (2003) Experimental
eutrophication of a shallow acidic mining lake
and effects on the phytoplankton. Hydrobiologia
506–509: 753–758
Lund MA, McCullough CD (2008) Limnology and
ecology of low sulphate, poorly-buffered, acidic
coal pit lakes in Collie, Western Australia. Proceed-
ings of the 10th International Mine Water Associ-
ation (IMWA) Congress. Karlovy Vary, Czech
Republic. 591–594 pp
Lund MA, McCullough CD, Yuden (2006) In-situ coal
pit lake treatment of acidity when sulfate concen-
trations are low. Proceedings of the 7th Interna-
tional Conference on Acid Rock Drainage (ICARD).
St Louis, Missouri, USA. Barnhisel R I, (ed) Ameri-
can Society of Mining and Reclamation (ASMR),
1106–1121 pp
McCullough CD (2008) Approaches to remediation of
acid mine drainage water in pit lakes. Int J Mining
Reclam Environ 22: 105–119
McCullough CD, Lund MA (2006) Opportunities for
sustainable mining pit lakes in Australia. Mine
Water Environ 25: 220–226
McCullough CD, Lund MA (in press) Using green
waste and sewage for bioremediation of acidic
Aachen, Germany IMWA 2011“Mine Water – Managing the Challenges”
Rüde, Freund & Wolkersdorfer (Editors) 385
Proceedings_Theme_07_part4_Proceedings IMWA 2011  22/08/2011  1:32 AM  Page 385
and metalliferous mine drainage. J Environ Man-
age doi:10.1016/j.jenvman.2011.04.011
McCullough CD, Lund MA, May JM (2008) Field scale
trials treating acidity in coal pit lakes using
sewage and green waste. Proceedings of the 10th
International Mine Water Association (IMWA)
Congress. Karlovy Vary, Czech Republic. 599–602
pp
Nixdorf B, Uhlmann W, Lessmann D (2010) Potential
for remediation of acidic mining lakes evaluated
by hydrogeochemical modelling:Case study
Grunewalder Lauch (Plessa 117, Lusatia/Germany).
Limnologica 40: 167–174
Peine A, Tritschler A, Küsel K, Peiffer S (2000) Electron
flow in an iron-rich acidic sediment-evidence for
an acidity-driven iron cycle. Limnol Oceanogr 45:
1077—1087
Schultze M, Geller W, Wendt-Potthoff K, Benthaus FC
(2009) Management of water quality in German
pit lakes. Proceedings of 8th International Confer-
ence on Acid Rock Drainage Technology (ICARD).
Skelleftea, Sweden. 1–15 pp
Sobek AA, Schuller WA, Freeman JR, Smith RM (1978)
Field and laboratory methods applicable to over-
burdennix and mine soils. Report EPA-600/2—
78—054. US Environmental Protection Agency,
Cincinnati, USA. 203 pp
Totsche O, Fyson A, Steinberg CEW (2006) Microbial
alkalinity production to prevent reacidification of
neutralized mining lakes. Mine Water Environ 25:
204–213
Wendt-Potthoff K, Frömmichen R, Herzsprung P,
Koschorreck M (2002) Microbial Fe(III) reduction
in acidic mining lake sediments after addition of
an organic substrate and lime. Water Air Soil Poll:
Focus 2: 81–96
IMWA 2011 Aachen, Germany“Mine Water – Managing the Challenges”
Rüde, Freund & Wolkersdorfer (Editors)386
Proceedings_Theme_07_part4_Proceedings IMWA 2011  22/08/2011  1:32 AM  Page 386
